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Using single crystal neutron diffraction we show that the magnetic structure Ni3TeO6 at fields
above 8.6 T along the c axis and low temperature changes from a commensurate collinear antifer-
romagnetic structure with spins along c and ordering vector QC = (0 0 1.5), to a conical spiral with
propagation vector QIC = (0 0 1.5 ± δ), δ ∼ 0.18, having a significant spin component in the (a, b)
plane. We determine the phase diagram of this material in magnetic fields up to 10.5 T along c and
show the phase transition between the low field and conical spiral phases is of first order by observing
a discontinuous jump of the ordering vector. QIC is found to drift both as function of magnetic field
and temperature. Preliminary inelastic neutron scattering data reveals that the spin wave gap in
zero field has minima exactly at QIC and a gap of about 1.1 meV consisting with a cross-over around
8.6 T. Further, a simple magnetic Hamiltonian accounting in broad terms for these is presented.
Our findings confirms the exclusion of the inverse Dzyaloshinskii-Moriya interaction as a cause for
the giant magneto-electric due to symmetry arguments. In its place we advocate for the symmetric
exchange striction as the origin of this effect.
I. INTRODUCTION
Multiferroic materials display an intriguing coupling
between structural, magnetic and electronic order1,2.
These properties make multiferroics especially interesting
for applications in multi-functional devices, e.g. in spin-
tronics and as transducers, actuators, capacitors, sen-
sors, or multi-memory devices3–5. One particular prop-
erty searched for is the control of magnetic order by an
applied electrical field. This effect is controlled through
the magneto-electric (M-E) coupling and with a large
coupling strength one would be able to easily change po-
larisation, which in turn is a great leap forward for mag-
netic data storage technology6,7.
The family of hexagonal tellurides M3TeO6 (M be-
ing a transition metal) represents a popular class of
multiferroics8–15. A strong interest has arisen in nickel
telluride, Ni3TeO6 (NTO), as it displays a giant M-E cou-
pling close to a field-induced magnetic phase transition at
∼8.6 T along the c-axis at low temperature16–22. In par-
ticular, it was found that the system switches between a
spin and electric polarized commensurate (C) state to an
incommensurate spin state with lower electric polariza-
tion with hardly any hysteresis, below 1 mT - a property
that could ultimately lead to loss-free magnetoelectric
devices18.
These observations have been attributed to a contin-
uous spin-flop transition between two antiferromagnetic
phases, through a narrow intermediate phase18. In the
same work, a significant M-E effect was observed in the
region around the phase transition - one of the largest M-
E effects observed in any single-phase material19. A later
study showed an even stronger M-E effect taking place
at a second field-induced phase transition at 52 T23.
In this work, we show that the magnetic phase tran-
sition at ∼8.6 T takes place from the C state to an in-
commensurate spiral spin structure (IC) and is in fact
a first-order transition, which is at variance with views
in present literature18,20. We find that the width of the
phase transition i.e. the co-existence region is of the or-
der 0.4 T and we further map out the phase diagram
for temperatures below 60 K and magnetic fields below
10.5 T. A preliminary inelastic study provides insight
into the magnetic couplings and allow for the creation of
a simplified magnetic Hamiltonian describing the phase
transition and the low energy excitations. Our findings
have important consequences for the understanding of
the origin of the magnetoelectric effect in NTO, where
the possibility of an inverse Dzyaloshinskii-Moriya(DM)-
driven phase transition earlier was excluded due to Lan-
dau theory18. We can exclude it using model-free argu-
ments on the basis of the relation between the ordering
vector and electric polarization. We support the sugges-
tion of the symmetric exchange striction to change the
pyroelectric low-field phase into a paraelectric high-field
phase.
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2II. SAMPLE GROWTH AND
CHARACTERIZATION
Powdered NTO (previously prepared), V2O5, TeO2,
NaCl and KCl in a molar ratio of 1:5:10:10:5 were mixed
and placed in an alumina crucible. The mixture was
heated at 830◦C for 3 days and then slowly cooled
down to 600◦C during five days. The resulting batch
of single crystals were small platelets of typical sizes
4 × 4 × 0.5 mm3 and with masses of 5-15 mg. They
were tested with backscattering white-beam X-ray Laue
diffraction using an Ag anode. A photograph of the
diffraction crystal is shown in Fig. 1 along with its Laue
pattern. The sharpness of the Laue peaks is a signature of
a low intrinsic mosaicity (below 2◦) of the crystal. Later
neutron diffraction measurements proved the mosaicity
to be below 0.3◦.
For the neutron diffraction experiments one single crys-
tal of mass 15 mg was selected, while for the inelastic
neutron scattering, we used a mosaic of 12 crystals with
a total mass of 106.9 mg, co-aligned with Laue X-ray
diffraction in the (a, c) plane and checked by diffration
to be within 2◦.
FIG. 1. (left) NTO single crystal sample of ≈ 15 mg used
in diffraction experiments. (right) White-beam X-ray Laue
pattern obtained on this crystal showing its good quality.
III. NEUTRON SCATTERING EXPERIMENTS
NTO was investigated with neutron diffraction using
a horizontal-field cryomagnet at both the cold RITA-
II24,25 and the thermal EIGER26 triple axis instruments
with the sample orientations (h 0 l) and (h h l) and en-
ergies in the range of Ei = Ef = 3 − 8 meV and
Ei = Ef = 14.7 − 100 meV, respectively. The applied
magnetic fields were up to 10.5 T along c and tempera-
tures between 1.8 K and 200 K. We used effective colli-
mation sequences of open-80’-40’-open and open-80’-80’-
open. As the scattering vector lies in the same plane
as the field direction a horizontal field cryomagnet was
used. It was equipped with four narrow windows, placed
90◦ apart, as illustrated in the bottom of Fig. 3. The
windows allow passage of the neutron beam at scattering
angles below ≈ 18◦ and in a window around 90◦. As the
b a
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FIG. 2. (left) Model of the zero-field magnetic structure
of NTO17. (middle) Our suggestion for high-field magnetic
structure of NTO. (right) Simplified model used to emulate
excitations and phase transition. Green horizontal lines de-
note JFM while vertical lines are a combination of J1 and J2
coupling nearest and next nearest neighbours respectively.
scattering geometry was quite limited. a full magnetic
structure determination was not possible.
Zero-field inelastic neutron scattering was performed
at HZB Berlin, using the FLEXX triple-axis instrument27
with the MultiFLEXX secondary spectrometer28. Em-
phasis was put on measuring the lowest lying magnetic
excitations at the energy ∼1.5 meV in the (h 0 l) plane.
IV. RESULTS
We used the good q-resolution of cold neutron diffrac-
tion to study the reflection (1 0 2.5 + δ) as function of
magnetic field, which is structurally equivalent to (0 0
1.5 + δ). Resulting data are shown in the top of Fig. 3
and in Fig. 4.
In fields up to 8 T, our diffraction data confirm the
previously established commensurate antiferromagnetic
low-field structure17, illustrated in Fig. 2. Up to this
point, the magnetic Ni2+ moments form ferromagnetic
layers in the (a, b)-plane and are antiferromagnetically or-
dered along c with a commensurate propagation vector
QC = (0 0 1.5)
17. The spin direction is collinear along
the c-axis, as proven by the complete absence of mag-
netic intensity from peaks along the l-axis, consistent
with the selection rules for neutron scattering29. There
are 6 planes in a magnetic unit cell, corresponding to a
doubling of the chemical unit cell along c, with alternat-
ingly 1 and 2 Ni atoms per plane within the unit cell,
c.f. Fig. 2. We observed a number of magnetic reflec-
tions, listed in Tab. I, and all observations of peaks and
absences are in agreement with this structure.
Fig. 4 shows our findings for higher magnetic field: a
consistent split of the commensurate magnetic peaks of
the low-field phase into a pair of incommensurate peaks
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FIG. 3. (top) Magnetic diffraction intensity at (1 0 l) taken
at RITA-II at 1.7 K, shown as a function of l and field. Col-
ors signify the corresponding phase as depicted in the phase
diagram in Fig. 5. (insert) Scattering intensities for the three
highlighted areas. (bottom) Sketch of the 11 T horizontal-
field magnet used for the neutron scattering experiments. The
lines show possible neutron beam paths through the one win-
dow, scattering off the sample, and exiting again through an-
other window.
in the high-field phase. The fundamental magnetic or-
dering vectors are QIC = (0 0 1.5 ± δ) with δ = 0.18 for
the IC phase and δ = 0 for the C phase.
The field-induced splitting of the commensurate anti-
ferromagnetic peak points to an incommensurate modu-
lation of the ferromagnetic planes along the l-direction.
The simultaneous appearance of the magnetic peaks
along the fundamental (0 0 l)-direction shows that the
spin direction is no longer confined to point along the
c-axis.
The very clear result is that the spins obtain an incom-
mensurate in-plane component with modulation vector of
δ ∼ 0.18 along the c-axis. Fig. 3 additionally shows that
this modulation vector jumps discontinuously from com-
mensurate to incommensurate upon increasing field, with
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FIG. 4. Magnetic diffraction data showing scans along (top)
(0 0 l) and (bottom)(2 0 l) in all three magnetic regions:
1.7 K and 100 K, at B = 9.9 T and 2 K, at B = 8.0 T. The
signal at (2 0 7.3) present across all phases is believed to
be spurious of nature.
a region of co-existence of ≈ 0.4 T. The exact extent of
the co-existence area might depend on the accuracy of
the field alignment to the sample c axis30 but only a
first order transition can provide the observed discontin-
uous jump of the ordering vector. Investigating the co-
existence region further, we performed hysteresis scans
by monitoring the intensity of the (1 0 2.5+δ) peak, while
ramping magnetic field through the phase transition at
T = 1.7 K, c.f. bottom of Fig. 5. The field ramp was
halted for 10 s before each measurement to ensure ther-
mal equilibrium. From this data, we conclude that there
is no evidence for hysteresis in agreement with current
literature18. From investigations of the phase transition
at a number of temperatures, we are able to produce a
(B, T ) phase diagram of the ordered spin states, the co-
existence (CE) and paramagnetic (PM) phases, shown in
Fig. 5. A similar phase diagram has already been mea-
sured using the dielectric constant20, but our diagram has
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FIG. 5. (top) Phase diagram of NTO in the (B, T ) plane with
B||c, showing the commensurate (C), incommensurate (IC),
co-existence (CE), and paramagnetic (PM) phases. Dotted
lines are guides to the eye. Data was taken at RITA-II using
the (1 0 2.5) and (1 0 2.5 + δ) reflections. (bottom) Magnetic
hysteresis measured by diffraction intensity at the incommen-
surate (1 0 2.7) peak taken at RITA-II at 1.7 K denoted by
arrows in the phase diagram, shown as a function of field
during field ramps.
the additional feature of defining the co-existence phase.
As the transition is of first order, an exact mathematical
description of the ordering parameter is not present. It
was found that performing a fit using the Sigmoid func-
tion I(T ) = a/(1 + bT−Tn) + B gave the most reliable
results across all temperatures, c.f. Fig. 6. Then, the
CE phase is defined as the region between 90% and 10%
of the full intensity for the commensurate peak. Futher,
our results agree with the PM to C transition temper-
ature, TN = 52 K in zero field. For the second-order
thermal phase transitions between PM and C, and PM
and IC, the critical exponents are βC = 0.298 ± 0.005,
and βIC = 0.353 ± 0.011 respectively, see Fig. 12 in the
appendix.
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FIG. 6. Intensity of the commensurate (1 0 2.5) measured
at RITA-II across phase transition from C to IC at different
temperatures. Solid lines are fit to the data.
V. MAGNETIC STRUCTURE
DETERMINATION
From the observation of pairs of incommensurate peaks
we deduce the existence of an incommensurate high-
field magnetic structure. This structure is at variance
with the interpretation of the earlier bulk magnetiza-
tion/susceptibility studies, which concluded a continu-
ous spin-flop transition, maintaining the commensurate
ordering vector18,19.
H [rlu] K [rlu] L−δ [rlu] L+δ [rlu]
-4 0 12.649 ± 0.006 —
-2 0 4.377 ± 0.005 —
-2 0 5.3226 ± 0.0006 5.6945 ± 0.0006
-2 0 8.3213 ± 0.0014 8.705 ± 0.003
0 0 1.33533 ± 0.00011 1.69780 ± 0.00011
1 0 — 2.68453 ± 0.00012∗
1 1 — 4.6928 ± 0.0005
1 1 — 7.671 ± 0.005
2 0 4.415 ± 0.009 —
2 0 6.316 ± 0.006 —
δ± 0.16511±0.00011 0.19738±0.00011
TABLE I. Positions of measured incommensurate peaks at
field of 9.9 T and T ∼ 1.8 K. Data taken at EIGER. The
incommensurate peak at (2 0 6.7) is not measured due to
instrumental limitations. ∗ Point not included in averages as
it was taken at 9.5 T and 25 K.
While the geometrical restrictions of the horizontal-
field magnet prevented us from obtaining a data set of a
quality that can be used for detailed magnetic structure
refinement, we have sufficient data to perform a represen-
tational analysis. The result is that for the given ordering
vector the only allowed symmetry is an incommensurate
circular spiral together with a ferromagnetic component,
i.e. the conical spiral with ordering vector (0 0 1.5 + δ).
5Due to a small misalignment in our diffraction experi-
ment two slightly different values of δ are found, Tab. I,
of the size 0.015 l corresponding to an offset in A4 of
0.15◦, which is an acceptable misalignment on a triple
axis instrument. The conclusion of a cross-over with
spins flipping into the a-b plane and incommensurable
δ is reached by noting that the presence of peaks along
(0 0 l) requires a spin component in the a-b plane
and that the observed continuously shifting position of δ
with B or T requires an incommensurate structure. From
bulk magnetization measurements23 it is known that the
magnetization in the high field phase increases with field
strength. This is not possible in the incommensurate ro-
tating phase described by the irreducible representations
Γ2 ⊕ Γ3, Tab. II, as the total magnetization is zero. It
can then only be explained by a ferromagnetic component
along c, described by Γ1. In total, the only possibility is a
linear combination of Γ1 and Γ2⊕Γ3. The relative phases
and tilts remain to be found from a magnetic structure
refinement. Combined with the ordering vector along (0
0 l) a spin spiral is found to be the unique solution31.
Γ1 Γ2 Γ3
Nin
00
u
  3−i
√
3
2
u
−i√3u
0
  3+i
√
3
2
u
i
√
3u
0

TABLE II. Irreducible representations of the n’th magnetic
Nickel atom in the unit cell.
VI. ORIGIN OF THE FERRO-ELECTRIC
TRANSITION
As the electric polarization and the ordering vector are
parallel, the DM-interaction is excluded as origin of the
transition, while the symmetric exchange allow this32.
This symmetric exchange fits qualitatively with the ob-
served decrease in electric polarization across the phase
transition23, as shown by Landau theory18, where the
spins rotate away from the AFM structure, which has
the highest polarization, into the conical spiral.
How quickly the spins rotate around the c axis, i.e. the
value of the incommensurability δ, depends strongly on
the detailed balance of the spin couplings. Changing the
distance or angle between two Ni atoms would change
their coupling and thus in turn change δ. From studying
the (q = 0) optical phonon frequencies both across the
magnetic field transition as well as function of tempera-
ture, it has been found that the phonon modes at f = 310
cm−1, f = 597 cm−1, and f = 666 cm−1 behave unex-
pectedly19. Across the magnetic phase transition these
modes are perturbed while other modes are unchanged.
This points towards a M-E coupling that acts to mod-
ify the Ni-atom position depending on spin direction and
should thus be observable in the IC phase by changing
either magnetic field or temperature. This effect is found
in the elastic data shown in the top of Fig. 3, where the
center of the IC peak can be seen to move to slightly
lower l-values when comparing its onset with its stable
position at B>8.7 T.
A closer look at the IC position as a function of the
temperature reveals that its position also varies with tem-
perature, c.f. Fig. 7. It is seen that the peak position
moves slowly towards larger l-values for temperatures be-
low approx. 18 K above which it moves more quickly.
A temperature effect is also observed through the phase
boundary at constant magnetic field and changing tem-
perature where a re-entrant behaviour is found for a con-
stant magnetic field of 9.0 T, c.f. Fig. 8.
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FIG. 7. Temperature variation of the magnetic peaks position
at (1 0 l), measured at B = 9.9 T at RITA-II.
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FIG. 8. Intensity of the commensurate peak at 9.0 T as a
function of temperature across the re-entry area. As seen,
the system starts out at low temperature in the IC phase,
goes into the CE phase upon heating, while ending at 27 K
in the IC phase again.
6VII. SIMPLIFIED MAGNETIC HAMILTONIAN
In this section, the most simple magnetic Hamiltonian
capturing the effective behaviour of NTO at low energy
and low magnetic field is presented. To simplify this sys-
tem the most, a unit cell consisting of only three mag-
netic atoms is used as opposed to the 9 found in NTO.
Further, the spins are assumed to be placed equidistant
from each other along the c axis. In effect, this means
that there will be no distinction between the different
Ni atoms in the simplified Hamiltonian, further leading
to the low-field structure changing from the ↑↑↓↓↓↑ to
the simpler ↑↓↑↓ sequence, the impact of which will be
discussed later.
The inelastic neutron scattering experiment was per-
formed using a standard Orange He-flow cryostat. Uti-
lized the CAMEA-type MultiFLEXX back-end. The
data taken consisted of rotating the sample by 180◦ in
steps of 1◦. For each sample orientation 4 values of the
scattering angle was used to cover dark angles and ex-
tend coverage. Also using multiple settings of the initial
neutron energy gave the data in shown Figs. 9 and 10.
The qualitative behaviour sought for is first of all the
incommensurate low energy spin excitation with mini-
mum in QIC, an energy gap of around 1.2 meV, a critical
magnetic field of 8.6 T, and the overall extend of the
magnon as shown in our inelastic data. With an effective
moment of 2.03(2) µB or spin 1
17 and a spin wave gap
of 1.2 meV, the critical magnetic field is expected to be
around 10.3 T, which is closet to what is observed. For
the excitation to have an incommensurate minimum, the
excited spin structure has to be able to rotate; in this
case around the c axis. The simplest way that allows
this is if the spins gain a component in the a-b plane.
This requires a spin canting, which can be enforced by
the rudimentary spin flop model relying only on an AFM
coupling, J1, and a small uniaxial anisotropy along c, ∆,
which is included to ensure that the spins are collinear
in low fields, and then a coupling to a magnetic field33.
Next, the incommensurability is known from the fact
that the magnon has minimum at the QIC position is
(0 0 1.5± δ) for δ = 0.18. This corresponds to a rotation
of all spins by 1.32 or 1.68 per unit cell, or equivalently
158.4◦ or 201.6◦. To achieve this helical behaviour an an-
tiferromagnetic term is to be added to the Hamiltonian.
By adding a J2 between next nearest neighbours along
the c axis with a strength of J2 = − |J1|4 cos θ it is ensured
that the minimum for rotation around the c axis is at
θ33.
Lastly, the spin wave is known to disperse rather
sharply in the a direction while being more elongated
along the c axis giving an impression of the relative
strengths of couplings in these directions. Further, the
ordering is ferromagnetic in the a-b plane giving the posi-
tive sign of the coupling in this direction JFM. Collecting
everything, the effective magnetic Hamiltonian becomes
H = J1
∑
nn,c
~Si · ~Sj + J2
∑
nnn,c
~Si · ~Sj + ∆
∑
i
S2i,z
+
∑
i
Si,zgµBHz + JFM
∑
nn,ab
~Si · ~Sj , (1)
where nn and nnn denotes the nearest and next-nearest
neighbour respectively. The values found to best mimic
NTO when comparing to the observations above are tab-
ulated in Table III. These were found, starting from the
Parameter J1 J2 JFM ∆
Value [meV] 2.55 0.6856 -2.75 -0.1045
TABLE III. Coupling strengths used in the simplified Hamil-
tonian in eq. (1).
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FIG. 9. (left) Map of inelastic scattering intensity from NTO
taken at an energy transfer of ∆E = 1.5 meV, and showing a
large part of the (h 0 l)-plane. Data taken at MultiFLEXX.
(right) Simulated excitations from SpinW as described in the
main text. The maps show the bottom of the dispersion re-
lation, which is placed exactly at Qgap = QIC.
JFM being −2.75 meV and J1 2.55 meV as these gave the
desired steepness in the spin wave spectrum both along
and perpendicular to c. Next, to ensure the incommen-
surability J2 has to be 0.6856 meV, and for the spin wave
gap to be comparable to that in Fig. 10 it is to have a
value of around -0.1045 meV.
These values ensure that the low E behaviour of the
model resembles NTO. More specifically, the IC spin
waves and their gap is found together with a similar max-
imal magnon energy around the (0 0 2.5) position; com-
paring 2.7 meV from NTO to the 2.6 from the model.
Comparing the steepness of the magnon dispersion the
model is more steep than the experiment as seen from
the distance between the maximum points, c.f. Fig. 10.
Lastly, the experimental data show the spin excitation to
actually consist of two branches whereas the model only
7FIG. 10. (top) Intensity as function of energy transfer and Q
along (0 0 l) measured at MultiFLEXX in zero magnetic field
and 2K. (bottom) Excitation spectrum for simplified magnetic
Hamiltonian optimized to mimic NTO.
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FIG. 11. (left) Energy of AFM low field ground state and
helical state as function of magnetic field. (right) Tilting angle
of spins with respect to the c axis as function of magnetic field.
has one. This means that the NTO magnons with min-
ima at (0 0 1.5 ± δ) are to be modelled as two separate
modes.
Regarding the phase transition, the critical field of the
model is somewhat higher than for NTO, namely 13.28
T as compared to the ∼ 8.6 T. This most likely stems
from the simplification of the low field structure to only
consist of 3 Ni atoms and that their spin structure is fully
antiferromagnetic while that of NTO is the more complex
↑↑↓↓↓↑ that may lead to some couplings being frustrated.
In effect, this would reduce the energy difference between
the low and high field phases resulting in a lowering of the
critical magnetic field. However, our model predicts the
phase transition to occur simply via a first order transi-
tion between the AFM and helical structures simply due
to the latter becoming more energetically favourable at
higher magnetic field. What happens is that the spins
are locked to be along the c axis as long as the system
orders AFM but at the phase transition the spins flop out
into the a-b plane. Their component along the c axis is
now allowed to change and they slowly tilt to align along
the c for increasing magnetic field strengths. This tilting
is seen in Fig. 11 where its value is found from minimiz-
ing the total energy of the system with respect to tilting;
only after the phase transition has appeared.
Investigating our simple model further at BC we find
the energy landscape to be so shallow along l (0.02
meV/spin) at the phase transition that thermal fluctu-
ations even at 2 K may cause the system to cross the
phase boundary locally, giving rise to the absence of hys-
teresis observed. We speculate that a neutron diffraction
or magnetisation experiments performed at milllikelvin
temperatures could show a measurable hysteresis.
In summary, the simple Hamiltonian in eq. (1) cap-
tures many of the measured features of NTO. However,
the simplification of the unit cell and its low field spin
structure impacts the spin excitations by only allowing a
single excitation in stead of the two seen. Further, the
exact field value for the transition is off by ∼ 50%. Once
more, this is due to the simplifications made, and the fact
that the model does not incorporate any exchange stric-
tion and magneto elastic terms. A full model of NTO
should incorporate these together with the full unit cell.
VIII. CONCLUSION
We find that the magnetic moments in Ni3TeO6 change
from a commensurate collinear antiferromagnetic struc-
ture with spins along c at low fields and temperature
to a conical spin spiral with propagation vector qIC ≈
(0 0 1.5± δ); δ ∼ 0.18 at high fields along c. We observe
a large region of co-existence, 0.4 T wide, between the
two phases with negligible hysteresis. From our repre-
sentational analysis we find that the magnetic structure
is a conical spiral and that the inverse DM-effect is ex-
cluded as the driving force for the multiferroicity.
The combined evidence points to a field-driven first
order C-IC transition between the two phases. The ex-
act value of the incommensurability is temperature and
magnetic field dependent, attributed to the fine balance
needed between coupling constants in part determined by
the movement of the magnetic Ni-ions. A simple model of
the magnetic Hamiltonian is able to reproduce our find-
ings qualitatively and show that the energy landscape at
the phase transition is shallow enough for thermal exci-
tations at 2 K to explain the lack of hysteresis.
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APPENDIX
1. Order of the phase transition
To determine the order of the phase transition, we in-
vestigated the critical behavior of the magnetic intensity
along the phase boundaries between the three phases.
The data is shown in Figs. 12 and 6. We see that the
temperature dependence of the peak intensities, corre-
sponding to the phase boundary to the PM phase, can
be well described by a power law, I(T ) ∝ t2β , with the
reduced critical temperature being t = (TN − T )/TN.
This is a defining feature of a second-order phase tran-
sition. The critical exponent is found to be in the range
β = 0.25− 0.38.
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FIG. 12. Temperature variation of the C and IC peak inten-
sities at different fields across the phase transition from the
PM phase.
In contrast, the field dependence of the magnetic in-
tensities between the C and the IC phases can clearly
not be described by the power law behaviour, c.f. Fig. 6.
In addition, the peak position moves discontinuously be-
tween the two phases without any critical scattering, c.f.
Fig. 3. Therefore, we have strong evidence to say that
the C-to-IC phase boundary is of first order.
2. Representational analysis
From the Fourier projection of the spin direction into
the irreducible representation for NTO one sees that
three principal axis are present, Γ1, Γ2, and Γ3, listed in
Tab. II. Here Γ1 describes the commensurate, low-field
structure, while Γ2 and Γ3 describe spiral structures and
are connected by complex conjugation. A spin structure
containing one of (Γ2,Γ3) would usually also contain the
other as to ensure the spins be real. The reasoning be-
hind the combination of Γ2 and Γ3 is to ensure the mag-
netic moment to be real. Notice that Γ2 = Γ
∗
3, and that
Γ2 ⊥ Γ3, as they are described in the hexagonal coordi-
nate system, and their lengths are equal. This combina-
tion then represents a circular rotations of the spins in
the a-b plane.
All of the representations are found from the R3 sym-
metry of the space group, 146, thus a transition between
Γ1 and (Γ2,Γ3) does not break any crystal symmetry.
As for the transition from the high-temperature para-
magnetic phase to the commensurate low-temperature
phase, an AFM order is created suggesting a second or-
der phase transition. The same is the case for this transi-
tion at high field where the paramagnetic phase is trans-
formed into the spiral phase. However, between these
two phases the magnetic order neither disappears nor
does a crystal symmetry break. Thus, a transition not
being of second order is fully allowed. This is believed to
be the case where the magnetic ordering vector abruptly
changes from being (0 0 1.5) to (0 0 1.5±δ) and
thus tips the spin components from being only along Γ1
to also be along Γ2±Γ3, where both left and right handed
rotation is possible.
This in-plane rotation is also consistent with the pres-
ence of scattering intensity at (0 0 l) peaks as well as
the drop in electric polarization as described in the main
text.
